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Synechocystisa b s t r a c t
RNA-binding proteins (Rbps) are involved in many post-transcriptional regulation processes. As pre-
viously shown, inactivation of rbp3 in Synechocystis sp. PCC 6803 signiﬁcantly decreased the stability
of acyl-lipid desaturase (des) mRNAs and the degree of unsaturation of membrane lipids. In compar-
ison to the wild type, the rbp3 mutant produced less lipid peroxides under cold stress and showed
greater inhibition of photosynthesis/respiration activities by salt stress. Overexpression of desA par-
tially restored levels of lipid peroxidation and salt tolerance in the mutant. Effects of Rbp3 on lipid
peroxidation and salt tolerance appears to be directly related to the change of degree of lipid
unsaturation.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
RNA binding proteins (Rbps) are widespread in both prokary-
otes and eukaryotes, participating in metabolism processes of
RNA, such as synthesis, processing, transport and degradation
[1,2]. Usually, eukaryotic Rbps possess multiple (2–6) copies of
RNA recognition motifs (RRMs) in association with other protein
domains, whereas prokaryotic Rbps possess a single RRM domain
and are much smaller (around 100 amino acids) than eukaryotic
Rbps [3]. RRM-type Rbps in cyanobacteria include those which
are rapidly induced by cold and contain a very short C-terminal
glycine-rich domain (type I) and those which show no or only a
slight induction by cold and lack the glycine-rich domain (type
II) [1,4]. There are 3 Rbp genes, rbp1, rbp2 and rbp3, in Synechocystis
sp. PCC 6803 (hereafter Synechocystis 6803), a unicellular cyano-
bacterium. Of those, rbp1 and rbp2 encode type I RNA-binding pro-
teins and are rapidly induced at transcription level by temperature
downshift. At least, rbp1 is required for growth at 15 C and plays a
role in overwintering [5]. In contrast, rbp3 that encodes a type II
RNA-binding protein is only slightly induced by temperature
downshift and not required for growth at 15 C. It plays a role in
maintaining the levels of mRNAs of acyl-lipid desaturase genes
(desA, desB and desD) and the high degree of unsaturation of mem-
brane lipids at both 30 and 15 C [6].There are four acyl-lipid desaturases in Synechocystis 6803:
DesA, DesB, DesC and DesD. These enzymes catalyze desaturation
at D12, D15 (x3), D9 and D6 position, respectively, of C18 fatty-
acyl chains in membrane lipids [7]. In response to temperature
downshift, the expression levels of desA, desB and desD are quickly
upregulated [8], leading to the increase of polyunsaturated fatty
acids (PUFAs) in membrane lipids and the enhancement of mem-
brane ﬂuidity. A desA mutant showed much slower growth than
the wild type at low temperature [9]. Although PUFAs are required
for cold acclimation in cyanobacteria, they are more susceptible, in
comparison to saturated fatty acids, to peroxidation by reactive
oxygen species (ROS) [10]. Under favorable conditions, ROS can
be scavenged by various antioxidative enzymes and low molecular
antioxidants to achieve equilibrium between generation and scav-
enging [11]. However, if excessive ROS are generated under biotic
or abiotic stresses, this equilibrium could be perturbed, and
exceeding harmful lipid peroxides could be produced [12]. Of com-
mon reactive oxygen species, OH is the most reactive and prone to
abstract a hydrogen atom from PUFAs, giving rise to R. After addi-
tion of O2, ROO is produced and abstracts a hydrogen atom from an
adjacent PUFA to generate ROOH and R. So, the peroxidation chain
reaction is propagated, causing serious damage to membranes [10].
Although it has been shown that addition of exogenous polyunsat-
urated fatty acids could cause accumulation of lipid peroxides in
yeast [13] and cyanobacteria [14], there is no direct evidence dem-
onstrating that increase of endogenous PUFAs could accelerate
lipid peroxidation of membranes.
Y. Wang, X. Xu / FEBS Letters 587 (2013) 1446–1451 1447On the other hand, it has been reported that PUFAs are required
for salt tolerance of cyanobacteria. A desA/desD double mutant of
Synechocystis 6803, with only monounsaturated fatty acids,
showed much less tolerance of photosynthetic machinery to salt
stress than the wild type [15]. Overexpression of desA from
Synechocystis 6803 in Synechococcus 7942 not only increased the
percentage of PUFAs in total fatty acids, but also enhanced the
tolerance to salt stress [16].
On the basis of our previous studies on the Drbp3 mutant [6],
we hypothesized that Rbp3 may enhance the stability of des
mRNAs in Synechocystis 6803. In this report, we present evidence
to conﬁrm this hypothesis. Even so, the role of this type-II Rbp in
environmental adaptation is not known. The decrease of PUFAs
in the rbp3 mutant motivated us to investigate the effects of this
gene on lipid peroxidation and salt tolerance.2. Materials and methods
2.1. Strains and growth conditions
Synechocystis sp. stain PCC 6803 and its derivatives were cul-
tured in BG11 without (autotrophic) or with (mixotrophic) glucose
(5 mM) in ﬂasks on a shaker at 30 or 15 C under continuous illu-
mination of 30 lE m2 s1. Spectinomycin (10 lg ml1), kanamy-
cin (20 lg ml1) or erythromycin (5 lg ml1) was added as
needed. To control gene expression from the petE promoter, PpetE,
with cupric ion, plastic containers and deionized water with a spe-
ciﬁc resistance of 18.2 MO cm were used as previously described
[17].
Transformation of Synechocystis 6803 or mutants was per-
formed as described [18]. The complete segregation of mutants
was conﬁrmed with PCR using the primers listed in Table S1 in
Supplemental material.
2.2. Measurements of lipid peroxides, tocopherols and fatty acid
composition
Lipid peroxides and tocopherols were measured as previously
described [19]. Cells grown at 30 C to OD730 0.5–0.6 were inocu-
lated into fresh BG11 at OD730 0.05 and grown at 15 C for different
periods of time for measurements of lipid peroxides, or directly ex-
posed to 15 C for 2 days for analyses of tocopherols. Extraction
was performed with methanol containing BHT. Lipid peroxides
were measured using the ferrous oxidation-xylenol orange method
and calculated from an apparent extinction coefﬁcient (E560,
43000 M1 cm1). Tocopherols were analyzed by HPLC and quan-
tiﬁed against standard curves generated with commercially avail-
able tocopherols.
Fatty acid composition was analyzed as described by Yin et al.
[20]. Cells grown at 30 or 15 C to OD730 1.0–1.2 were used for
the analyses. Lipids were extracted from freeze-dried cells with
petroleum ether/diethyl ether (1:1), transesteriﬁed in methanol/
sulfuric acid (95:5), and analyzed by GC (Trace Ultra, Thermo Elec-
tric), employing a DB-23 capillary column (60 m  0.25 lm).
2.3. Measurements of oxygen evolution and consumption activities
Cells grown at 30 C to OD730 0.5–0.6 were harvested, resus-
pended in BG11 with or without 1 M NaCl at OD730 0.4 and allowed
to grow at 30 C for 2 days. The photosynthetic oxygen evolution
rates were measured by using a Clark-type oxygen electrode (Oxy-
lab 2, Hansatech, UK) with a saturating light (2000 lE m2 s1) as
described [21]. Respiratory oxygen consumption was measured
in the dark for at least 10 min. Pigmentation measurements were
performed according to Myers et al. [22].2.4. DNA manipulations
Molecular manipulations were performed referred to standard
protocols. Molecular tool enzymes were used according to manu-
facturers’ instructions. Clones of PCR products were conﬁrmed by
sequencing.
Details of plasmid construction are described in Table S1. Frag-
ments cloned into plasmids pHB3961, pHB4237 and pHB4097
were generated based on fusion PCR. Plasmid pHB4014 was used
to insert the C.K2-PrbcL-desA fragment into a neutral platform in
the genome of Drbp3 mutant to overexpress desA; pHB4241 was
used to replace the promoter of slr0090 with PnirA to enhance the
production of tocopherols; pHB4098 was used to replace the pro-
moter of rbp3with PpetE to control the level of Rbp3 with cupric ion.
2.5. Analyses of mRNA levels and stability
Wild type and Drbp3 cells were grown at 30 C to OD730 1.0 and
exposed to 15 C in the light of 30 lE m2 s1 for 2 h. Analyses of
transcriptional proﬁles were performed by using CyanoCHIP v.2.0
(Takara) as described by Tan et al. [5]. Data were derived from 3
independent experiments, each with 2 repeats (3  2). qRT-PCR
was performed as previously described [23] using primers listed
in Table S1. rnpB [24] was used to normalize the relative level of
each cDNA. For analyses of mRNA levels at 30 C, cells grown to
OD730 0.5–0.6 were used; for mRNA levels at 15 C, cells were
grown and treated as for microarray analyses.
For mRNA stability analyses, Cells grown at 30 C to OD730 1.0–
1.2 were exposed to 15 C for 2 h to induce the expression of desA,
desB and desD, and the synthesis of mRNA was inhibited by addi-
tion of rifampicin to a ﬁnal concentration of 150 lg ml1, then total
RNA was extracted at 0, 10 and 20 min. After removal of genomic
DNA, RNA samples were reverse transcribed and used for qRT-
PCR analysis.
3. Results
3.1. Deletion of rbp3 changes mRNA proﬁles in Synechocystis
In our previous report, mRNA levels of three des genes and ccr1
decreased in the Drbp3mutant relative to that in the wild type [6].
ccr1 is a gene required for growth at 15 C [20]. To ﬁnd out if tran-
scripts of other genes are directly or indirectly affected by Rbp3, we
employed DNA microarray analysis to compare the mRNA proﬁles
in the Drbp3 mutant and the wild type strain of Synecocystis 6803
exposed to 15 C for 2 h (Tables S2 and S3). One hundred and
eighty-four genes showed signiﬁcant differences (Drbp3/wt P2
or 60.5) in mRNA levels in the two strains. Of those, 128 genes
were upregulated and 56 were downregulated in the Drbp3 mu-
tant relative to the wild type.
To conﬁrm the differential expression in the two strains, we
chose 6 genes that showed signiﬁcantly reduced (rbp3, desA, desB)
or increased (gap1 [slr0884], glgP [sll1356], leukotoxin [sll0721])
expression in the mutant to test with qRT-PCR. The two methods
showed consistent results for the six genes (Table 1). We also
tested desC and desD, the other two acyl lipid desaturase genes.
Not identiﬁed as signiﬁcantly downregulated genes in the DNA-
microarray analysis, they showed over twofold lower expression
in the mutant relative to the wild type in qRT-PCR analyses.
To test whether the reduction of mRNA levels in Drbp3 could be
due to a decrease of mRNA stability, we compared the rates of
mRNA degradation of des genes in the wild type and Drbp3 after
addition of rifampicin. As shown in Fig. 1, mRNAs of des genes were
more quickly reduced in Drbp3 than that in the wild type. In con-
trast, Rbp3 showed no or a very slight effect on the stability of
mRNA of sll0721.
Table 1
Conﬁrmation of DNA microarray analysis with qRT-PCR.a
ORF Description Ratio (Drbp3/wt)
DNA microarray qRT-PCR
slr0193 rbp3 0.01 ± 0.00 Undetectable
slr1350 desA 0.49 ± 0.09 0.30 ± 0.04
sll1441 desB 0.38 ± 0.07 0.33 ± 0.02
sll0541 desC 0.78 ± 0.08 0.25 ± 0.04
sll0262 desD 0.65 ± 0.18 0.45 ± 0.02
slr0884 gap1 2.30 ± 0.01 2.28 ± 0.20
sll1356 glgP 2.07 ± 0.85 2.16 ± 0.27
sll0721 Leukotoxin 8.35 ± 2.76 5.56 ± 0.36
a Data represent means ± S.D. from 3 replicates.
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effectively than overproduction of tocopherols
The deletion of rbp3 reduced the stability of desmRNAs, and was
accompanied by a signiﬁcant reduction in the content of PUFAs in
membrane lipids (Table 2), but the remaining PUFAswere sufﬁcient
for maintaining the growth at 15 C unchanged [6]. We wondered if
the mutation also reduced the production of lipid peroxides upon
exposure to cold stress. At 30 C, the mutant showed no obviousTable 2
Fatty acid composition of membrane lipids from Synechocystis 6803 strains (mol %).a
Fatty acid Wild type Drbp3
15 C 30 C 15 C
C16:0 47.52 ± 0.49 49.75 ± 0.24 50.02
C16:1 3.92 ± 0.03 2.96 ± 0.01 3.53
C18:0 2.78 ± 0.47 2.3 ± 0.23 3.17
C18:1 (9) 4.53 ± 0.04 12.37 ± 0.06 10.27
C18:2 (9,12) 6.96 ± 0.07 16.5 ± 0.2 4.32
cC18:3 (6,9,12) 28.7 ± 0.29 15.52 ± 0.25 22.96
aC18:3 (9,12,15) 1.13 ± 0.03 0.27 ± 0.02 0.97
C18:4 (6,9,12,15) 4.47 ± 0.07 0.34 ± 0.06 4.76
C18 PUFAs 41.25 ± 0.43 32.63 ± 0.52 33.01
a Data represent means ± S.D. from 2 or 3 replicates.
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Fig. 1. Comparisons of mRNA stability in the wild type (empty circle) and Drbp3 (solid c
were evaluated with qRT-PCR. Data represent means ± S.D. from 3 replicates.difference from thewild type; after transfer to 15 C, lipid peroxides
in both strains increased to the maximal levels on the ﬁrst day, and
thereafter gradually declined to relatively lower levels within
6 days (Fig. 2A). However, the mutant always showed a lower de-
gree of lipid peroxidation, and the maximal level of lipid peroxides
in the mutant was about 1/3 of the wild type level.
Because rbp3 affected the expression of many genes, to show
that the decrease of lipid peroxides was directly related to the de-
crease of PUFAs, we overexpressed desA from PrbcL (the promoter of
rbcL encoding the large subunit of ribulose-1,5-bisphosphate
carboxylase) in the Drbp3 mutant. PrbcL-desA with a kanamycin-
resistance cassette was integrated into a neutral platform [17,18]
in the genome of Drbp3, resulting in the strain Drbp3::PrbcL-desA,
and the integration was conﬁrmed by PCR (Fig. S1A). In this strain,
the two copies of desA were expressed from the endogenous pro-
moter and PrbcL respectively. Overexpression of desA in the Drbp3
mutant restored the percentage of PUFAs in C18 fatty acids at
15 C from 33.01% to 39.60%, which was 1.65% lower than the wild
type level (Table 2). Consistent with the change of fatty acid com-
position, the level of lipid peroxides was also remarkably increased
in Drbp3::PrbcL-desA than that in Drbp3, but lower than that in the
wild type (Fig. 2A). Drbp3 with or without PrbcL-desA showed no
change in growth at 15 C (Fig. 2B). These results supported ourDrbp3::PrbcL-desA
30 C 15 C 30 C
± 0.73 54.44 ± 1.09 51.51 ± 0.84 53.93 ± 1.03
± 0.08 1.25 ± 0.01 5.38 ± 0.33 1.69 ± 0.06
± 0.06 2.52 ± 0.1 1.94 ± 0.19 3.92 ± 0.41
± 0.19 21.59 ± 0.71 1.57 ± 0.75 14.63 ± 0.69
± 0.11 7.41 ± 0.15 3.81 ± 0.09 7.93 ± 0.48
± 0.48 12.5 ± 0.01 24.67 ± 0.44 15.94 ± 1.11
± 0.04 0.12 ± 0.04 1.32 ± 0.06 0.47 ± 0.1
± 0.13 0.17 ± 0.1 9.79 ± 0.2 1.49 ± 0.26
± 0.68 20.20 ± 0.28 39.60 ± 0.69 25.83 ± 1.77
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least partially based on its effect on fatty acid desaturation and that
the up-regulation of fatty acid desaturation upon temperature
downshift enhanced membrane ﬂuidity at the expense of in-
creased lipid peroxidation.
Tocopherols, especially a-tocopherol, were proposed to be
strong antioxidants that effectively inhibit the propagation of lipid
peroxidation reactions [25], and their role in alleviating lipid per-
oxidation has been shown in cyanobacteria [19,26]. To compare
the effects of removing rbp3 and overproducing tocopherols on li-
pid peroxidation, we overproduced tocopherols in the wild type
using the strategy described by Qi et al. [27]. hppD (slr0090), a
key gene in the synthesis of tocopherols, was overexpressed
from PnirA, the promoter of nirA (ferredoxin nitrite reductase). The
PnirA-hppD strain (Fig. S1B) produced a- and c-tocopherols at much
higher levels (68.4 ± 4.2 and 42.1 ± 0.8 lg [g wet wt]1) than that
in the wild type (24.2 ± 9.9 and 5.3 ± 0.3 lg [g wet wt]1). The
overproduction of tocopherols might interfere with membrane
stability as shown with artiﬁcial liposomes [28], but it showed
no effect on the growth of Synechocsytis 6803 at 15 C (Fig. 2B).
On the ﬁrst day at 15 C, the overproduction of tocopherols
reduced lipid peroxides by only less than 1/4 of the wild type level
(Fig. 2A). By 6 days, lipid peroxides decreased to a much lower
level in the tocopherol-producing strain than the wild type level.
Compared with overproduction of tocopherols, deletion of rbp3
reduced lipid peroxidation more effectively.
3.3. Deletion of rbp3 greatly reduces salt tolerance
The Drbp3 mutant showed a remarkably lower level of PUFAs
not only at 15 C but also at 30 C in comparison to the wild type
[6] (Table 2). A qRT-PCR analysis of mRNA levels of des genes con-
ﬁrmed the effect of Rbp3 on the expression of these genes at 30 C0
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peroxides. (B) autotrophic growth.(Fig. 3A). Because salt tolerance of Synechocystis 6803 depends on
the degree of unsaturation of membrane lipids [15], we wondered
if the deletion of rbp3 had an effect on the salt tolerance. Growth
rates of the wild type, Drbp3 and the complemented strain of
Drbp3 were compared in BG11 medium supplemented with 1 M
NaCl at 30 C (Fig. 3B). Inactivation of rbp3 severely affected the
salt tolerance of Synchocystis 6803. In comparison to the wild type,
Drbp3 showed almost no growth under the salt stress, complemen-
tation ofDrbp3with wild type rbp3 restored the growth to the wild
type level (Fig. 3B). We also generated a Synechocystis strain
(Fig. S1C) in which rbp3 was controlled by PpetE, the copper-regu-
lated promoter of plastocyanin gene [17]. The omega-PpetE cassette
was inserted between the promoter and the coding sequence of
rbp3. The omega cassette carries the spectinomycin resistance
marker with stem loops at both ends that terminate background
transcription [29]. At least in the ﬁrst 8 days, the growth under salt
stress was proportionally correlated to the concentration of cupric
ion in medium (Fig. S2). Therefore, Rbp3 exerts a strong effect on
salt tolerance of Synechocystis 6803.
To verify the role of fatty acid desaturation in control of salt tol-
erance by Rbp3, we compared the growth ofDrbp3::PrbcL-desAwith
Drbp3. At 30 C, the overexpression of desA restored the percentage
of PUFAs in C18 fatty acids of Drbp3 from 20.20% to 25.83%, 6.80%
lower than the wild type level (Table 2). Accordingly, the growth
under salt stress was also enhanced, even though still much slower
than the wild type (Fig. 3B).
PUFAs can signiﬁcantly enhance the salt tolerance of photosyn-
thetic machinery in cyanobacteria [15,16]. We compared the pho-
tosynthesis activities of the wild type, Drbp3, Drbp3
complemented and Drbp3::PrbcL-desA under salt stress (Fig. 4).
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pressed the photosynthesis of Drbp3 to 8.4% of the wild type level.
Complementation with rbp3 fully restored the photosynthesis
activity, while overexpression of desA partially restored the activ-
ity. We also measured the respiration activities of these strains.
The respiration of Drbp3 was severely depressed by the salt stress
to about 28% of that under non-stress conditions. Overexpression
of desA restored the respiration activity.
4. Discussion
RNA-binding proteins can regulate gene expression at post-
transcription levels and play important roles in regulation of cell
activities. Our studies showed the role of Synechocystis Rbp3 in sta-
bilizing des mRNAs and its effects on lipid peroxidation and salt
tolerance.
Unlike Rbp1 that is required for growth at 15 C but does not af-
fect fatty acid desaturation [5], Rbp3 exerts remarkable effects on
fatty acid desaturation but is not required for growth at 15 C. Pre-
viously, we found the effect of Rbp3 on mRNA levels of cold-regu-
lated genes, such as desA, desB and desD [6]. In this study, we
identiﬁed by microarray analysis many more genes whose expres-
sion was affected by Rbp3 directly or indirectly. Many of them,
such as desC [8], were probably not responsive to temperature
downshift (Table S2). Using the four des genes as examples, we
showed that Rbp3 enhanced the stability of their transcripts. How-
ever, there were also many other genes, such as sll0721, whose
mRNA level appeared to be suppressed by Rbp3. Such genes were
probably indirectly affected by Rbp3 at transcription level, and
their mRNA stability (post-transcription level) was very slightly
or not affected as seen with sll0721 (Fig. 1).
Theoretically, one can compare the wild type and a desAmutant
of Synechocystis 6803 to ﬁnd out the effects of unsaturation level on
lipid peroxidation at low temperature. However, desA mutationsigniﬁcantly reduces the growth at low temperature [9], and the
physiological effects could indirectly intensify lipid peroxidation.
In contrast, inactivation of rbp3 shows no inﬂuence on the growth
at 15 C, therefore, provides an adequate model to study the rela-
tionship between endogenous PUFAs and lipid peroxidation. The
level of lipid peroxidation depends upon the levels of 3 factors:
unsaturation of membrane lipids, ROS, antioxidants/antioxidative
enzymes. All these factors may change with the development of
cold acclimation, resulting in the dynamics of lipid peroxides: in-
crease upon cold stress and decrease after cold acclimation. In
the ﬁrst 2 days of exposure to 15 C, lipid peroxides were at the
highest level, and the difference between the wild type and the
Drbp3 mutant was the greatest (Fig. 2A). The decrease of PUFAs
in the mutant signiﬁcantly reduced the level of lipid peroxides,
while overexpression of desA in the mutant partially restored the
level. The inactivation of rbp3 in Synechosytis 6803 was even more
effective in reducing lipid peroxides than overproduction of toc-
opherols (Fig. 2A). Probably, other factors changed in the Drbp3
mutant also contributed to the reduction of lipid peroxidation.
For example, the expression of htpG, a heat shock protein gene in-
volved in cold acclimation [30], was increased in Drbp3 relative to
the wild type (Table S2).
Apparently, Rbp3 exerts controversial effects on cold acclima-
tion and does not promote the growth at 15 C. However, it greatly
enhances the salt tolerance of Synechocystis 6803. In addition to des
genes, three other genes, namely ggpS (glucosylglycerolphosphate
synthase) [31], sll1061 [32] and nhaS3 (Na+/H+ antiporter) [33], in-
volved in salt tolerance were also affected by Rbp3 (Table S2). ggpS
and sll1061 were up-regulated by the mutation, while nhaS3 was
down-regulated. nha3, its homolog in Synechococcus, has been
shown to be required for salt tolerance [34]. Even though the
microarray analysis was not performed with salt stressed cells, it
suggested that Rbp3 probably affected the expression of multiple
salt tolerance genes. We hypothesized that the salt sensitiveness
of Drbp3 was partially due to the decrease of PUFAs. Overexpres-
sion of desA in the mutant supported the hypothesis (Fig. 3B). At
least, PUFA contents contributed to their divergence in growth un-
der salt stress at the early stage.
Our studies indicate that as a type-II RNA-binding protein in
Synechocystis, Rbp3 can play an important role in environmental
adaptation. Interestingly, rbp3 is marginally up-regulated by cold
stress but is clearly up-regulated at a late stage of salt stress
[35], which is consistent with its role in salt tolerance. Given that
no recognition speciﬁcity has been found for this type of cyanobac-
terial Rbps, a more profound question arising from our studies is
how Rbp3 can regulate the levels of speciﬁc mRNAs in the
cyanobacterium.
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